Rationale: Pulmonary hypertension (PH) is characterized by pulmonary vascular remodeling that leads to pulmonary congestion, uncompensated right-ventricle (RV) failure, and premature death. Preclinical studies have demonstrated that the G protein-coupled estrogen receptor (GPER) is cardioprotective in male rats and that its activation elicits vascular relaxation in rats of either sex. Objectives: To study the effects of GPER on the cardiopulmonary system by the administration of its selective agonist G1 in male rats with monocrotaline (MCT)-induced PH. Methods: Rats received a single intraperitoneal injection of MCT (60 mg/kg) for PH induction. Experimental groups were as follows: control, MCT + vehicle, and MCT + G1 (400 μg/kg/day subcutaneous). Animals (n = 5 per group) were treated with vehicle or G1 for 14 days after disease onset. Measurements and Main Results: Activation of GPER attenuated exercise intolerance and reduced RV overload in PH rats. Rats with PH exhibited echocardiographic alterations, such as reduced pulmonary flow, RV hypertrophy, and left-ventricle dysfunction, by the end of protocol. G1 treatment reversed these PH-related abnormalities of cardiopulmonary function and structure, in part by promoting pulmonary endothelial nitric oxide synthesis, Ca 2+ handling regulation and reduction of inflammation in cardiomyocytes, and a decrease of collagen deposition by acting in pulmonary and cardiac fibroblasts. Conclusions: G1 was effective to reverse PH-induced RV dysfunction and exercise intolerance in male rats, a finding that have important implications for ongoing clinical evaluation of new cardioprotective and vasodilator drugs for the treatment of the disease.
Pulmonary hypertension (PH) is a multifactorial condition that has high rates of morbidity and mortality (Peacock et al., 2007) . PH is a socially and scientifically relevant disease, with the cardiopulmonary research field proving its epidemiological importance and identifying new complex pathobiological routes (Humbert and Ghofrani, 2016; Schermuly et al., 2011) . The three main characteristics of PH are (1) dysfunctional pulmonary hemodynamics (i.e., exacerbated vasoconstriction and reduced vasodilation), (2) structural changes in the pulmonary vasculature (i.e., wall remodeling and hypertrophy), leading to elevated pulmonary arterial pressure, and (3) long-term rightventricle (RV) pressure overload and subsequent RV failure (Galie et al., 2015; Lourenco et al., 2012; Schermuly et al., 2011) . Moreover, the function and size of the RV are not only indicators of the severity and chronicity of PH, but are also the most important determinants of prognosis (Voelkel et al., 2006) .
The approved medical treatments for PH include drugs that target impaired pathways in the pulmonary circulation, showing positive results in clinical trials when used as monotherapies or in combination (Badiani and Messori, 2016; Humbert and Ghofrani, 2016) . Nevertheless, despite recent medical advances, treatment strategies are frequently refractory in PH subjects, and overall survival is poor, with 5-year survival estimates of b 60% in registries (McLaughlin and McGoon, 2006) . As such, there is a need for new therapies focused not only on the anti-remodeling and vasodilation effects of the pulmonary vasculature, but also myocardial protection.
Estrogens are sex hormones and important mediators of normal cardiovascular function (Babiker et al., 2002; Dubey et al., 2002; Yang and European Journal of Pharmaceutical Sciences 97 (2017) [208] [209] [210] [211] [212] [213] [214] [215] [216] [217] Reckelhoff, 2011). The G protein-coupled estrogen receptor (GPER) has been extensively characterized as a protective target in animal models of left heart and systemic circulation remodeling and dysfunction. Nongenomic mechanisms are triggered, such as rapid estrogen-mediated activation of related protein-serine/threonine kinases (ERK1/2) and cyclic AMP (cAMP) generation, with subsequent induction of beneficial effects on the heart and arterial wall, including vasodilation, inhibition of smooth muscle cell proliferation, inhibition of inflammation, antioxidant effects, and endothelial/cardiac cell survival following injury Deschamps and Murphy, 2009; Haas et al., 2009; Jessup et al., 2010; Lindsey et al., 2009; Liu et al., 2016; Wang et al., 2012; Wang et al., 2015; Weil et al., 2010) . Despite classical estrogen receptors (ERα and ERβ) signaling has been well characterized in different animal models of PH (Frump et al., 2015; Mair et al., 2014; Wright et al., 2015; Xu et al., 2013) , there is a lack of robust exploration of GPER specific roles during experimental PH and in RV dysfunction. Accordingly, we investigated the effects of the activation of GPER by the administration of its highly selective agonist, G1, in male rats with monocrotaline (MCT)-induced PH. While PH is more common among women, we chose to study the effects of activating GPER in male rats only in order to examine its therapeutic potential independent of sex. Indeed, future studies are needed to examine its role in females with and without endogenous oestradiol (E 2 ). We hypothesized that G1 treatment would reverse the pulmonary vascular and cardiac dysfunction in PH experimental model.
Methods

Animals and Experimental Design
All experiments were conducted in accordance with the Animal Care and Use Committee at Universidade Federal do Rio de Janeiro (UFRJ). Fifteen male Wistar rats (220-300 g) were housed at 20 ± 3°C under a 12-h light/12-h dark cycle with free access to food and water. Rats were randomly divided into three groups, five rats per group: control, MCT + vehicle, and MCT + G1. Rats in the MCT groups were given a single intraperitoneal (i.p.) injection of MCT at 60 mg/kg body weight to induce PH as published elsewhere (Alencar et al., 2014; Alencar et al., 2013; Zapata-Sudo et al., 2012) . Rats in the control group were injected with the same volume of sterile saline. Two weeks after MCT or saline administration, rats were dosed once daily for 2 weeks with 0.1 mL of peanut oil (control and MCT + vehicle groups) or with G1 at 400 μg/kg body weight, administered subcutaneously (MCT + G1 group). Rats were weighed daily, and volumes of G1 solution were adjusted appropriately.
Echocardiography
Cardiac function was assessed by an echocardiographic system equipped with a 10-MHz mechanical transducer (Esaote model, CarisPlus, Florence, Italy), following the procedure previously described (Alencar et al., 2014; Lang et al., 2006) . In order to confirm PH development induced by MCT, parameters were evaluated before, 14 days and 28 days after injection.
Exercise Test Protocol, Hemodynamic and RV Hypertrophy Measurements
Animals performed a graded treadmill (EP-131, Insight, São Paulo, Brazil) run to exhaustion, in different times (before, 14 days after, and 28 days after MCT injection) in order to assess the exercise performance as published elsewhere (Alencar et al., 2014) . At the endpoint of the protocol, rats were anesthetized with ketamine (80 mg/kg, i.p.) and xylazine (15 mg/kg, i.p.) and mean arterial blood pressure (MAP), right-ventricle systolic pressure (RVSP) and RV hypertrophy were measured as previously described (Nishida et al., 2009 ).
Membrane Preparations and Western Blot Analysis
The preparation of rat lung and RV subcellular fractions and the subsequent western blot analysis for sarco/endoplasmic reticulum Ca2 + −ATPase 2a (SERCA2a), phospholamban (PLB), tumor necrosis factor-alpha (TNF-α), endothelial nitric oxide synthase (eNOS), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH, used as loading control) proteins were performed as the already published work (Alencar et al., 2014) .
Histomorphometric Analysis
For the Histomorphometric analysis lungs were collected, immersed in 10% neutral buffered formalin, and embedded in paraffin (Alencar et al., 2014) . RVs were treated in a similar way, except that the processing times were different (20 min in sequential baths with alcohol, xylene, and paraffin). Tissues were sectioned at 4 μm, stained, and analyzed in a blinded manner following the already published methods (Alencar et al., 2014; Alencar et al., 2013 ).
Data Analysis
Data analysis was performed for all endpoints, and one-way ANOVA was used to determine the significance of differences among groups. Significance of interactions between groups was determined by Tukey post-hoc tests. Pearson correlation was used to test for a relationship between time to exhaustion, RVSP, and PAT, and between TNF-α, SERCA2a, and PLB levels. Differences for all tests were considered significant when the P value was b0.05. Analyses were performed using GraphPad Prism, version 6 (GraphPad, San Diego, CA, USA). An expanded methods section is available in the online supplement.
Results
Activation of GPER Inhibits MCT-induced Heart and Lung Hypertrophy 4 weeks After MCT Treatment
Body, heart, and lung weights are shown in Fig. 1 and Table 1 . Body weight did not change between the groups throughout the protocol period (Table 1) . MCT injection significantly increased the ratios of the heart weight and RV weight to the final body weight compared to each control animal (Table 1) . However, the ratio of the LV + S weight to the final body weight was not different between MCT-treated and control animals. MCT-induced RV hypertrophy was further evaluated by measuring the ratio of the RV weight to the LV + S weight. This ratio was significantly larger in MCT + vehicle rats (0.78 ± 0.10) compared to saline-treated control rats (0.30 ± 0.03, P b 0.05, Table 1 ). Changes in the heart and RV weights observed in MCT-treated rats were suppressed by a daily subcutaneous administration of G1 (P b 0.05, Table 1 ). The ratio of the lung weight to the final body weight was significantly higher in the MCT-treated groups compared to the control group. GPER activation with G1 reduced this lung index of pulmonary edema and fibrosis (Table 1) .
GPER Activation Improves PA Blood Flow in MCT-treated Rats
Doppler imaging echocardiographic analysis was used to visualize PA outflow (Fig. 2) . PH development could be confirmed by a change in the shape of the PA waveform from 14 days to 28 days after MCT injection ( Fig. 2B-C ), in accordance with previous reports (Jones et al., 2002; Koskenvuo et al., 2010) . Activation of GPER with G1 partially corrected this MCT-induced triangular flow profile ( Fig. 2C ) and significantly reversed the PA flow impairment by the end of the protocol, as depicted by the increased pulmonary acceleration time (PAT) ( Fig. 2D ) and pulmonary artery velocity time integral (PAVTI) (Fig. 2E ) after G1 administration.
G1 Decreases the Progressive RV Dilatation and Improves LV Function in Rats with PH
Fig . 3A shows the parasternal short-axis views obtained by B-mode echocardiography (all end-diastolic) for all animal groups. MCT treatment induced progressive RV remodeling and dilatation, with a concomitant decrease of the LV area ( Fig. 3A) . At 28 days after MCT injection, the RV wall thickness (MCT + vehicle vs. control, P b 0.05; , P b 0.05, Fig. 3C ) and for the impairment of LV function (reduced LV stroke volume and ejection fraction, and increased LV endsystolic volume) in MCT + vehicle rats compared to the control group (P b 0.05, Table 2 ).
The LV cardiac output, calculated by combining the heart rate and stroke volume, was significantly lower in MCT-treated rats (34.6 ± 5.7 mL/min) compared to the control group (69.2 ± 9.1 mL/min, P b 0.05, Fig. 3D ). By 28 days after MCT administration, rats receiving G1 treatment showed significantly lower RV wall thickness and RV area, and higher LV area results, compared to MCT-induced rats. In PH rats treated subcutaneously with G1, cardiac output increased to values that were similar to those of the control group, due to the enhanced stroke volume. The heart rate was not altered.
G1 Treatment Improves Systemic and Pulmonary Hemodynamics in MCT-induced PH Rats
On day 29 of the protocol, rats in the MCT + vehicle group exhibited elevated RVSP values (41.1 ± 1.4 mmHg) compared to control rats (24.6 ± 0.6 mmHg, P b 0.05, Fig. 4B ). Treatment with G1 at 400 μg/kg/day significantly reduced the RVSP value to 27.5 ± 1.7 mmHg (P b 0.05 compared to MCT + vehicle, Fig. 4B ). By the end of the protocol, the PH rats had lower MAP values compared to the control group (P b 0.05, Table 1 Comparative data on body, heart, and lung weights. 
Long-term GPER Activation Reduces Exercise Intolerance in MCT-treated PH Rats
Animals were submitted to a treadmill test before, 14 days after, and 29 days after MCT injection. The time to exhaustion was similar between the groups before MCT administration. After 14 days, the time to exhaustion was significantly reduced in MCT-injected rats compared to the saline-treated control rats (data not shown). By 29 days after PH induction, the time to exhaustion was further reduced from 1042.0 ± 66.5 s (control) to 200 ± 63.3 s (MCT + vehicle group, P b 0.05, Fig.  5A ). By the end of the protocol, MCT + G1 rats showed a longer time to exhaustion of 909.4 ± 45.6 s compared to the MCT + vehicle group (P b 0.05, Fig. 5A ). Linear regression analyses revealed that exercise intolerance in PH rats was significantly correlated with the increased RVSP (Fig. 5B) , reduced PA flow (Fig. 5C) , and reduced LV cardiac output (Fig. 5D ).
Effects of G1 on SERCA2a, PLB, and TNF-α Expression Levels in RV Tissues From PH Rats
Western blot analysis of RV tissues showed that PH increased the relative expression ratio of PLB to SERCA2a (MCT + vehicle vs. control, P b 0.05, Fig. 6B ). This ratio was normalized after GPER activation with G1 (MCT + G1 vs. MCT + vehicle, P b 0.05, Fig. 6B ). TNF-α was overexpressed in hearts from PH rats (P b 0.05 vs. control, Fig. 6C ). Downregulation of SERCA2a and overexpression of PLB were significantly correlated with alterations in TNF-α protein expression ( Fig. 6D and E, respectively). RV tissues from G1-treated rats (MCT + G1) showed lower levels of TNF-α expression compared to MCT-injected rats (Fig. 6C) . Fig. 7 shows the histological images obtained in this study. MCT injection significantly increased the wall thickness of pulmonary arterioles from 74.2% ± 2.0% (control rats) to 83.5% ± 1.9% (MCT + vehicle rats, Fig. 7C ). Treatment with G1 (400 μg/kg) reduced the wall thickness of these vessels to 76.8% ± 1.5% (P b 0.05 vs. MCT + vehicle; Fig. 7C ). After treatment with G1 or vehicle, collagen deposition was measured in the left lungs (Fig. 7B ) of control and MCT-injected rats, by calculating the relative collagen area fraction (%). This fraction was significantly increased in the MCT + vehicle group compared to the control, and was reduced in the MCT + G1 group compared to MCT + vehicle group (Fig. 7D) . Western blot analysis showed that MCT significantly decreased eNOS levels in the lungs (Fig. 7F) , while G1 treatment increased the expression of eNOS in MCT-injured lungs. 
Effects of G1 on Pulmonary Vascular Remodeling, Fibrosis, and eNOS Expression in PH Rats
Effects of G1 on RV Fibrosis in PH Rats
Fig . 8 reports the results of the histological analysis and representative images of interstitial collagen deposition. As expected, there was a significant increase in interstitial collagen in RV tissues from MCTinjected rats (4.8% ± 1.1%) compared to control rats (1.6 ± 0.2%, P b 0.05, Fig. 8B ). G1 treatment reduced the interstitial collagen deposition compared to MCT + vehicle rats (1.8% ± 0.3%, P b 0.05, Fig. 8B ).
Discussion
The main finding of this study is that GPER, in addition to its salutary effects on systemic circulation, LV function, and LV structure, may exhibit pulmonary vascular and cardioprotective features that prevent the development of RV dysfunction in MCT-induced PH rats.
Although lungs from MCT-treated PH rats do not sufficiently generate angioobliteration that recapitulate human pulmonary vascular lesions (Vitali et al., 2014) , we have chosen this model because it, similarly to that of hypoxia-induced PH, induces intense RV hypertrophy and dysfunction (Alencar et al., 2014; Alencar et al., 2013; van Suylen et al., 1998; Zapata-Sudo et al., 2012) , the major determinants of life expectance in clinical practice. Furthermore, as we aimed to investigate the specific potential of GPER independent of its activation by endogenous estrogens, the injection of MCT would lower plasma E 2 levels by its gonadal actions (Tofovic and Jackson, 2013) , reducing the physiologic stimulus of GPER and allowing to explore closely the effects of G1.
Our echocardiography data revealed that from 14 to 28 days after MCT injection, PH rats had reduction of PAT and PAVTI due to hypertrophy and stiffness of the PA. Fourteen days of treatment with G1 significantly normalized the PA flow in PH rats, thus preserving the RV-PA coupling and the maintenance of RV hemodynamics and pressure-function relationships. The increased size and pressure overload of the RV in our PH rats were confirmed by echocardiography and invasive experiments. MCT injection induced changes in the structure and function of the pulmonary circulation, which increased the RVSP and RV wall stress, leading to adaptive remodeling and chronic hypertrophy by day 29 of the protocol. Our echocardiographic data also revealed that RVs from MCT-induced PH rats had significantly greater areas than the LVs, which are normally larger. Thus, PH rats developed LV dysfunction, as depicted by the reduced LV stroke volume, ejection fraction, and cardiac output. These LV systolic profile alterations probably influenced our observation of a lower MAP 29 days after MCT injection compared to saline-treated control rats. Daily treatment with G1 for 14 days after disease establishment abolished the increase in RVSP and reduced RV hypertrophy. Cardioprotective effects of G1 were also shown by the improved LV systolic function and normalization of MAP in MCTinjected rats. When administered at a dose of 400 μg/kg/day for 14 days, G1 did not induce systemic hypotension in male rats. Our results are in agreement with recent reports showing that G1 did not alter systemic blood pressure when administered at a dose of 400 μg/kg/day for 2 weeks in normotensive male and female rats (Lindsey et al., 2013) . Exercise intolerance is a cardinal symptom of PH patients, who experience serious limitations in their activities of daily life due to the exertional fatigue and dyspnea associated with RV failure (Manders et al., 2015; Neder et al., 2015) . We recently reported that MCT-treated rats developed progressive exercise intolerance (Alencar et al., 2014) . Recently, it was found that GPER activation by G1 reduced skeletal muscle dysfunction and exercise intolerance in rats with LV diastolic dysfunction . Here, we showed that the reduced exercise performance, defined by the time to exhaustion on the treadmill, 28 days after MCT application, was significantly correlated with alterations in PAT, RVSP, and LV cardiac output. G1 attenuated these PH-related alterations on the functional capacity of MCT-injected rats.
Restored RV function in MCT-treated rats was associated with the recovery of SERCA2a and PLB levels in cardiomyocytes (Alencar et al., 2014) . Reduction of the expression of SERCA2a and increase of PLB, were responsible for the increased PLB/SERCA2a ratio in RV from MCT-injected animals. These changes suggest that Ca 2+ uptake by the sarcoplasmic reticulum is reduced, which contributes to the Ca 2+ overload. Consequently, the release of less Ca 2+ upon activation reduces force development, corroborating with the lower ejection fraction in MCT-treated group. The administration of G1 recovered the relative ratio of PLB/SERCA2a, in RV from MCT-induced PH rats.
This effect likely contributed to the improved heart systolic performance (Dow et al., 1971) . Activation of ERs alters cardiomyocyte contraction and Ca 2+ handling (Asp et al., 2013) , and GPER mediates numerous aspects of cellular signaling, such as Ca 2+ mobilization in cells (Ariazi et al., 2010; Brailoiu et al., 2013; Noel et al., 2009 ). Treatment of rats with G1 attenuated isoproterenol-induced heart failure, by influencing the cardiac β-adrenergic receptor signaling (Kang et al., 2012) . GPER long-term activation by G1 normalized SERCA2a and PLB levels in hearts from rats with LV diastolic dysfunction . Many studies have demonstrated that TNF-α expression is elevated in cardiomyocytes and in the plasma of patients with end-stage heart failure (Levine et al., 1990; Mann, 2002) . In our PH rats, the RVs showed increased expression of TNF-α 29 days after MCT injection, which might be linked to the depressed contractile activity and remodeling process observed in those hearts (Feldman et al., 2000; Fontoura et al., 2014; Tracey et al., 1989) . TNF-α expression was significantly correlated with the expression of Ca 2+ handling proteins SERCA2a and PLB in RV samples from our experimental groups. In vivo activation of GPER normalized TNF-α expression in RVs from MCT-treated rats, beneficially reducing the deleterious effects of PH-induced chronic myocardial inflammation and dysfunction. The discovery of GPER has led to new insights into the cardioprotective and rapid effects of E 2 , beyond the genomic and nongenomic mechanisms of classic E 2 receptors (ERs) (Borbely et al., 2005; Carmeci et al., 1997; Consoli et al., 2013; Filardo et al., 2000; Filardo et al., 2002; Filice et al., 2009; Kang et al., 2012; Weil et al., 2010) . GPER activation with G1 preserved the diastolic function and structure, and limited the increase in LV filling pressure, LV mass, wall thickness, cardiomyocyte size, and cardiac fibrosis, in an animal model of left heart dysfunction 17 (Wang et al., 2012) . In vitro studies have examined the mechanisms underlying the cardioprotective potential of GPER, focusing on its effects on cardiomyocyte hypertrophy and cardiac fibroblast proliferation. For example, G1 treatment attenuated angiotensin II-induced hypertrophy of H9c2 cardiomyocytes, with the GPER antagonist G15 inhibiting these effects of G1 (Wang et al., 2015) . G1 inhibited the proliferation of exogenous GPER-expressing cardiac fibroblasts derived from male adult Sprague-Dawley rats (Wang et al., 2015) . This finding rationally explains why RVs from our MCT-injected rats treated chronically with G1 showed reduced levels of collagen deposition compared to MCT + vehicle rats. Taken together, these data reveal the importance of GPER in the maintenance of cardiac structure and function, which likely involves effects on both cardiomyocytes and cardiac fibroblasts in the whole heart.
A single injection of MCT initially leads to chronic inflammation of the lung tissue, which contributes to injury of the vascular endothelium and to dysfunction. This condition results in the decreased production of nitric oxide by endothelial cells of pulmonary arterioles (Alencar et al., 2014; Zhang et al., 2005) and the downregulation of eNOS (Alencar et al., 2014; Pei et al., 2011; Sahara et al., 2012; Walford and Loscalzo, 2003) . Injured pulmonary tissue from MCT-injected rats showed reduced eNOS expression in response to inflammation, which was reversed with the GPER activation in G1-treated rats. This finding may explain the improved pulmonary artery flow after G1 treatment. Increased bioavailability of nitric oxide in lungs from MCT-injected rats has promoted antiproliferative effects and prevented the development of fibromuscular hypertrophy and hyperplasia in the pulmonary arteriole walls of PH rats (Alencar et al., 2014) .
To the best of our knowledge, this study is the first to demonstrate the role of GPER in the regulation of pulmonary vessel remodeling in rats with MCT-induced PH. Activation of GPER is potentially effective in blocking vascular SMC proliferation in micromolar concentrations (Haas et al., 2009) , and inducing antiproliferative effects in microvascular endothelial cells (Holm et al., 2011) . It was recently found that antiremodeling effect of G1 is related to a reduction of glycosaminoglycans content in the aorta medial layer and a decrease in oxidative stress (Liu et al., 2016) . Wright et al., showed the presence of GPER in human PASMCs and that its acute activation with G1 have no proliferative effect (Wright et al., 2015) . However, continuous agonism of GPER in our study was protective against PA remodeling in response to the inflammation induced by MCT, as G1 administration for 14 days reduced collagen deposition and the wall thickness in the terminal pulmonary arterioles. We suggest with this finding that GPER is also expressed in pulmonary vascular fibroblasts. Nevertheless, it should be confirmed in additional studies. Furthermore, GPER activation likely induces vasodilation and reduces vascular tone via indirect and poorly understood effects on vasoconstrictors (Meyer et al., 2011a) , a beneficial profile for the treatment of exacerbated vasoconstriction during PH development. Despite the benefits of GPER activation parallel that of E 2 in various tissues (Han and White, 2014; Meyer et al., 2011b) , G1 has no significant genomic and nuclear functions at traditional E 2 receptors ERα and ERβ (Bologa et al., 2006; Dennis et al., 2011) . 
Conclusions
Our data indicate that GPER activation by G1 reverses the unfavorable effects of MCT-induced PH on the cardiopulmonary system from male rats, probably by promoting pulmonary endothelial nitric oxide synthesis, Ca 2+ handling regulation and reduction of inflammation in cardiomyocytes, and a decrease of collagen deposition by acting in pulmonary and cardiac fibroblasts. This makes G1/GPER an interesting approach for the therapeutic interventions of PH and RV failure in the future.
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